Grain refinement has been conducted to reduce the thermal conductivity and improve the thermoelectric performance of the (Zr,Hf)NiSn based half-Heusler alloys. Nanoscale in situ precipitates were found embedded in the matrix with submicron grains. The lattice thermal conductivity was decreased due to the enhanced boundary scattering of phonons. The increased carrier concentration and electrical conductivity were observed compared to the coarse-grained alloys, which is discussed in relation to the existence of nanoscale precipitates, the effect of antisite defects, and composition change. It is suggested that the nanoscale precipitates play a significant role in the observed electrical conductivity increase. © 2012 American Institute of Physics. [http://dx.doi.org/l 0.1 063/I.4730436] ·
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The MNiSn-based (M = Zr, Hf, and Ti) half-Heusler compounds have recently been identified as potential high temperature TE materials for power generation up to llOOK. 3 -5 Their combination of high Seebeck coefficients and moderate electrical conductivities gives rise to intrinsically high TE power factors. 6 • 7 However, the high thermal conductivity (K::::: 10Wm-1 K-1 ) makes this system less promising for TE applications. 7 Several strategies for suppressing the lattice thermal conductivity by increasing phonon scattering via point defects or grain boundary scattering have been implemented. [4] [5] [6] [7] [8] [9] [10] High ZI values of >0.8 have been achieved in the Sb doped (Zr,Hf)NiSn based alloys.
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Although boundary scattering is generally effective in suppressing the lattice thermal conductivity, the reduction of grain sizes will also induce a decrease in electrical conductivity due to the enhanced scattering for both electrons and phonons. Sharp eta/. proposed that for the MNiSn alloys, the lattice thermal conductivity would decrease faster than the carrier mobility below tens of micrometers of grain sizes, because the mean free path of phonons is larger than that of electrons in the alloys. 11 In this work, the MNiSn based alloys with submicron grain sizes were prepared by melt spinning in order to enhance the phonon scattering and keep the electrical properties almost unchanged. Unexpectedly, an electrical conductivity increase was observed, although the lattice thermal conductivity was decreased to some extent •>corresponding author. Electronic mail: zhutj@zju.edu.cn. due to the reduced grain sizes. Possible causes are discussed and it is suggested that the nanoscale in situ precipitates in the matrix play a significant role in the electrical conductivity increase.
The ingots of Hf 1 _xZrxNiSn 1 _ySby (0 :::;x:::; I and 0:::; y:::; 0.02) were prepared by levitation melting. 10 Part of the ingot was inductively re-melted and injected onto the edge of a rotating copper roller with a linear speed of 45 m/s. 12 The melt spun (MS) thin ribbons and the remained levitation melted (LM) ingots were, respectively, pulverized and sintered by spark plasma sintering (SPS) at 1103 K for 15 min under 65 MPa. The densities of all the samples are .-v95% of theoretical ones.
The powder x-ray diffraction analysis showed that all samples were single phase. The electrical conductivity was measured on a computer-aided system using a DC fourprobe method. The thermal conductivity K was calculated by K =Dp 0 Cp, where p 0 is the sample density. The thermal diffusivity D and specific heat Cp above room temperature were measured on a Netzsch LFA457 laser flash apparatus. The carrier concentration was measured on a Quantum Design PPMS-9T system. Figure I shows the temperature dependence of lattice thermal conductivity for the As expected, the KL of the fine-grained MS samples is decreased, compared with the coarse-grained LM counterparts, due to the enhanced phonon boundary scattering. The Zr substituted alloys have lower "L than the end compositions owing to the mass fluctuation scattering. The "L decreases with temperature for all samples, but still much higher than the minimum thermal conductivity Kmin calculated by Cahill's model. 
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4!r y=O.Ol our previous results. 12 Three possible causes may account for the electrical conductivity increase in the MS samples: the composition change, antisite defects, or phase separation, which will be discussed in the following paragraph.
The real compositions of all samples were detected by electron probe microanalysis (EPMA) with wavelength dispersive spectrometer. The composition of the MS samples and the LM counterparts displayed no obvious distinction, taking consideration of the measurement errors. Given that the resolution for EPMA is approximately 0.2% atomic accuracy and such a change in composition of any element could result in " '10 25 carriers/m -3 (assuming 1 electron per compositional defect), the observed carrier concentration difference due to composition may be beyond the resolution of EPMA. However, the composition fluctuation alone cannot explicitly explain why the electrical conductivities of all MS samples are always higher than those of the LM counterparts [ Fig. 2(b) ].
It is generally accepted that there exist Zr/Sn antisite defects in ZrNiSn based alloys due to the· similar atom sizes of Zr and Sn. Remarkable electrical conductivity decrease by a factor of "'100% has been observed at room temperature in arc-melted ZrNiSn samples with prolonged annealing duration, which was attributed to the reduction in the content of Zr/Sn antisite defects.
•
14 Theoretical calculation shows that the band gap decreases with increasing antisite disorder content that could result in increased electrical conductivity.
14 It is possible that the rapid solidification by melt spinning induced increased Zr/Sn antisite defects. Therefore, several samples were annealed at 800 °C for 5 days to check for the effect of such antisite defects. However, as shown in Fig. 3 , no noticeable change was observed in the electrical conductivity before and after annealing of the same compositions for the undoped samples, suggesting that the concentrations of antisite defects in both MS and LM samples are negligible. The discrepancy between the previous report (Ref . 14) and this work may result from the different fabrication processing and phase purity. The recent Rietveld refinements based on high-resolution synchrotron radiation x~ray diffraction of our single phase LM samples also do not indicate the existence of Zr/Sn antisite disorder. Finally, transmission electron microscopy (TEM) observation was performed to further investigate the microstructure of samples. The scanning electron microscopy observation in our previous work has shown that there exist nanoscale. particles on the free surfaces of melt spun ribbons.16 Figure 4 shows the typical TEM images for the Hfo.6Zr 0 .4NiSilo.9sSbo.oz bulk sample by melt spinning followed by SPS, the grain sizes of which are of submicron scale with many in-situ nanoparticles embedded in the matrix. Such a nanostructure was not observed in the LM samples. The similar TEM images were also found in the ZiNiSn based alloys with excess Ni, 17 and the nanoparticles were suggested to be metal Ni-rich Heulser phases. However, the inter-plane distance of the nanophase (3.9 A) here cannot be indexed to any crystal plane of the HH or Heusler phase in this work.
It has been suggested that metallic/semimetallic nanoinclusions inside a semiconductor host can contribute conduction electrons to the matrix and hence increase electrical conductivity. 18 -20 It can be expected that the size, spacing, and shape of the nanophases affect the position of the Fermi level and the conduction electron concentration of the matrix.19 Although the exact compositions of the small precipitates could not be confirmed at this stage, these nanoscale phases may be more metallic than the matrix, resulting in increased carrier concentration and electrical conductivity in the MS samples. It is also possible that these nanoscale phases induce defects and local composition fluctuation that introduce carriers into the matrix. However, it cannot be conclusively determined how much these nanoparticles · affect the observed carrier concentrations. In addition, the presence of nanophases is also favorable to the reduction in the lattice thermal conductivity or the increase in the Seebeck coefficient of thermoelectric materials.
-23
The figure of merit of all samples was calculated and a maximum zr of 0.9 was achieved at 973 K for the melt-spun Hf 0 . 6 Zr 0 .4NiS11o. 98 Sb 0 _ 02 sample, 12 comparable with that of the levitation melted coarse-grained counterpart. 10 Therefore, . despite the simultaneous electrical conductivity increase and lattice thermal conductivity reduction, no significant enhancement in zr was obtained for the MS alloys with the submicron matrix and embedded nanophases due to the concomitantly decreased Seebeck coefficient and increased electronic thermal conductivity.
In summary, fine-grained (Zr,Hf)NiSn based halfHeusler thermoelectric materials have been fabricated. The electrical conductivity increase was observed compared to the coarse-grained counterparts, although the lattice thermal conductivity was decreased due to the enhanced boundary scattering of phonons. This may be associated with the existence of metallic nano-precipitates embedded in the matrix. 
